Introduction
The incidence of ovarian cancer, in the USA, ranks eighth among all cancers (excluding skin cancer), but fifth in terms of age-adjusted mortality [1] . The introduction of Paclitaxel to platinum-based treatment in the 1990s significantly improved survival in ovarian cancer patients [2] . Today, the combination of Carboplatin and Paclitaxel, in addition to optimal surgical cytoreduction, represents the standard of care in epithelial ovarian carcinoma treatment. Although chemotherapy achieves a clinical response in most cases, recurrence remains a major problem because of the appearance of drug resistance from residual tumor cells [3] . The absence of effective screening methods to detect early-stage disease and the propensity of ovarian cancer cells to develop into chemotherapy-resistant clones markedly decrease the 5-year overall survival of ovarian cancer patients, underscoring the need for more effective therapies [4] .
The nuclear pore complex (NPC) functions to regulate nucleocytoplasmic transport and chromatin organization and may exert control over cancer cells behavior and response to therapy. The NPC assembles in a modular form from multiples of eight nucleoporin (NUP) subcomplexes with a central framework consisting of a symmetric pair of central inner rings (containing NUP107-NUP160 subcomplexes). Asymmetric annular rings line the cytoplasmic (containing the NUP88-NUP214 subcomplex) [5] and nuclear (containing NUP153) [6] faces of the pore, whereas asymmetric filamentous structures project from the annular rings into the nucleus (containing NUP153-Tpr) [6] or cytoplasm (containing NUP358) [7] . Nuclear-cytoplasmic trafficking of RNA, ribosomes, important regulators of transcription, cell cycle inhibitors, and specific drugs targets is tightly regulated by the nuclear pore complex and alterations in the NPC could potentially alter the availability of some drugs in the nucleus and thus increase/decrease cancer cells response to major chemotherapeutic agents [8] [9] [10] .
In this study, we sought to use agnostic whole-exome sequencing of germline DNA to identify variants in NPC genes that may predict response to platinum-based chemotherapy in ovarian cancer patients. We hypothesized that germline genetic polymorphisms in NPC genes are potentially important predictors of treatment response defined as progression-free survival 6 months after chemotherapy. To investigate our hypothesis, we examined germline DNA extracted from the saliva of ovarian cancer patients receiving adjuvant platinum-based chemotherapy. Using this approach, we successfully identified variants that may predict treatment sensitivity in patients receiving platinum drugs for ovarian cancer.
Methods
Ovarian cancer patients and sample collection Saliva samples were collected from ovarian cancer patients seen at the Gynecologic Oncology clinics at Southern Illinois University School of Medicine in accordance with a protocol approved by the Springfield Committee for Research Involving Human Subjects. Patients who had already received or were scheduled to receive platinum-based adjuvant therapy were identified and included in this study. Preoperative pathology, postchemotherapy imaging results, surgical details, and postoperative pathology reports were obtained. Levels of response to platinum-based chemotherapy were then determined from the clinical data using definitions of response agreed on by the medical communities for ovarian cancer.
Genomic DNA isolation from saliva Saliva samples (≥2 ml) were self-collected by enrolled patients using the Oragene DISCOVER all-in-one system (DNA Genotek Inc., Ottawa, Ontario, Canada). Samples from patients with a complete set of study data were isolated from high molecular weight genomic DNA according to supplied instructions. The saliva samples collected were briefly incubated in a 50°C water bath for at least 1 h. The entire sample was then transferred to a 15 ml conical tube, followed by an addition of PT-L2P solution (40 µl/ml). Samples were vortexed, incubated on ice for 10 min, and cleared of precipitate by centrifugation at room temperature for 15 min at 3500g. The cleared solution was transferred to a new 15 ml conical tube and DNA was precipitated by adding 1.2 × volume of absolute ethanol. DNA was pelleted by centrifugation at room temperature for 10 min at 3500g and washed twice with 70% ethanol. DNA was air-dried and rehydrated in Tris-EDTA solution. DNA concentration and purity was determined using a Nanodrop 2000 UV-Vis Spectrophotometer (Thermo Scientific, Waltham, Massachusetts, USA). Samples with an OD260/280 ratio greater than 1.8 were normalized to 50 ng/µl and a total of 250 ng was separated through a 1% agarose gel in Tris-acetic acid-EDTA for inspection. Only DNA samples with an OD260/260 ratio of at least 1.8 and no evidence of shearing or degradation were considered to be of sufficient quality for submission to Washington University Genomics Institute for additional quality control measurements and whole-exome sequence analysis.
Whole-exome sequencing and analysis Genomic DNA was evaluated using a Bioanalyzer and sequenced using next-generation sequencing (exome sequencing at 30 × ) provided by Genomics and Pathology Services at Washington University. Patients were divided into two groups on the basis of platinum sensitivity. Disease-free interval (DFI) was defined as the time from the end of adjuvant chemotherapy to the date of cancer recurrence. In the absence of recurrence, DFI was calculated from the time of completion of adjuvant chemotherapy to the last follow-up date. Patients with DFI greater than 6 months, or with no recurrence, were classified as having platinum-sensitive (Pt-S) disease. Patients with DFI less than 6 months were classified as having platinum-resistant (Pt-R) disease. In this analysis, only variants with high call quality (at least 20 calls in any case or at least 20 in any control) were included.
Statistical analysis
The Kaplan-Meier method with the log-rank test was used to compare survival curves between the two groups (those with variant vs. those without variant). Cox proportional hazards regression was used to analyze the ageadjusted significant associations between the variants and progression-free survival controlling for stage and grade. Significance was determined at P value less than 0.05. Power analysis was not possible because genetic variants associated with the outcome of interest are unknown; therefore, we had no estimate of the population prevalence of the exposure (variant) to perform power calculations. Single nucleotide variants (SNVs) with significant association were also examined in genomic data on ovarian cancer patients available from the National Cancer Institute data portal. Information on time until progression was absent; hence, all we could compare was the overall survival time between those who had or did not have the SNV that we identified in our exome sequencing experiment.
Results
In total, there were 28 patients. Six patients were classified as Pt-R, with a mean age of 58.2 (49-68) years and a mean DFI of 1.51 months. All six patients in this group developed recurrence of the disease. Twenty-five patients received carboplatin-based first-line therapy and the rest received cisplatin. Twenty-two patients were classified as Pt-S, with a mean age of 58.4 (48-73) years and a mean DFI of 23.7 months. Only six patients in this group developed recurrence (27.3%) as of the date of analysis. All patients were white, except for one African American patient in the sensitive group (Table 1) .
Whole-exome sequencing identified 519 variants associated with sensitivity to platinum-based chemotherapy. Six genes (IGF1R, LRP2, NCAPD2, AFF1, BRCA2, and PRKDC) included high mutational load that was associated with response to chemotherapy, but there was no individual SNV in these genes with a significant association with the outcome of interest in our study. Of the 519 variants, 121 variants in 30 NPC genes of interest were included in this analysis (Table 2 ). This number was reduced to three SNVs in three genes that were associated with 6-month progression-free survival on univariate analysis (Table 3 and Kaplan-Meier curves: Fig. 1a-c) . These localized to Nucleoporin 107 (Nup107), Nup188, and Nup214. SNV dbSNP ID rs79419059 (10T > C) in Nup107 was detected in 2/22 (9.1%) of Pt-S and 4/6 (66.7%) of Pt-R patients (P = 0.0061), rs2302811 in Nup188 was detected in 16/22 (72.7%) of Pt-S and 3/6 (50%) of Pt-R patients (P = 0.0483), and rs77246077 in Nup214 was detected in 8/22 (36.4%) of Pt-S and 0/6 (0%) of Pt-R patients (P = 0.0091). Controlling for other confounders, multivariate age-adjusted Cox proportional hazard analysis showed rs79419059 to be significantly associated with platinum resistance [odds ratio: 4.519, 95% confidence interval (CI): 1.317-15.501, P = 0.0457]. Because most patients were high grade, the variables of high grade and stage were not significant predictors of outcome in our analysis. Analysis of data available from the National Cancer Institute portal showed no significant association between these SNVs and the outcome of overall survival.
Discussion
Identification of genetic alterations associated with response to chemotherapy is vital to maximize benefit from treatment while sparing individuals with chemotherapyresistant and chemotherapy-refractory cancers the side effects of such treatments. For individuals with ovarian cancer, somatic genetic changes have not been shown to contribute toward improved selection of chemotherapysensitive patients. In this study, we analyzed germline DNA extracted from saliva samples from 28 ovarian cancer patients treated with platinum-based chemotherapy attempting to identify variants in NPC genes predictive of response to treatment. Our analysis identified a potentially significant association between the mutational status of Nup107, Nup188, and Nup214 and sensitivity to platinum chemotherapy. On age-adjusted multivariate analysis, an SNV (rs79419059) in Nup107 continued to be a significant predictor of shorter progression-free survival.
The NPC is a protein assembly made of several subcomplexes. Nup107 is part of a hetero-oligomeric complex that also contains Nup160, Nup133, Nup96, and the mammalian homolog of yeast Sec13p. In previous research, Boehmer and colleagues showed that Nup107 depletion caused codepletion of a subset of other Nups on their protein level including Nup133. Nup 107 depletion also caused Nup358, Nup214 on the cytoplasmic, and Nup153 on the nucleoplasmic side of the NPC to fail to assemble into Nup107/Nup133-depleted NPCs. Finally, the filamentous, NPC-associated protein Tpr also failed to assemble into the NPCs of Nup107-depleted cells. The authors therefore concluded that their data indicate that Nup107 functions as a keystone Nup that is required for the assembly of a subset of Nups into the NPC [11] . Thus, an alteration in the function of Nup107 could affect the entry of platinum into the cell and confer chemotherapy resistance to ovarian cancer tumors.
SNV rs79419059 is a 10T > C alteration in the 3′-UTR region of Nup107 on chromosome 12. The effects of this SNV on the function of Nup107 protein is uncertain as predicted by the function filter that we used for this analysis. However, the literature has many examples of 3′-UTR variants that significantly influenced response to therapy in cancer patients. A well-known example is the alteration in the function of the 'wild-type' KRAS by a functional single nucleotide polymorphism in the KRAS 3′-UTR (rs61764370) that disrupts let-7 microRNA binding, thus decreasing KRAS-negative regulation and initiating gain of function and leading to poor outcomes of therapy in many cancer types [12] . In another example, Arcaroli et al. [13] showed that a novel 3′-UTR mutation in PIK3CA was associated with increased sensitivity to saracatinib, an Src inhibitor, in colorectal cancer cell lines through possibly reducing the affinity for miR-520a and miR-525a. Finally, among ovarian cancer patients, Wynendaele and colleagues identified an SNV in the 3′-UTR of MDM4 that created a putative target site for hsamiR-191, a microRNA that is highly expressed in normal and tumor tissues. In that study, biochemical evidence supported specific miR-19-dependent regulation of the MDM4-C, but not MDM4-A, variant. Consistently, the A-allele was associated with statistically significant increased expression of MDM4 mRNA and protein levels in ovarian carcinomas. Importantly, A/A patients who do not express the estrogen receptor had a 4.2-fold (95% CI: 1.2-13.5, P = 0.02) increased risk of recurrence and a 5.5-fold (95% CI: 1.5-20.5, P = 0.01) increased risk of tumor-related death [14] . A commonality to all of these examples is that 3′-UTR variants influenced gene function through a microRNA-mediated mechanism. The next logical step in our study is to examine the hypothesis that a similar microRNA-mediated mechanism is governing the interaction between rs79419059 and Nup107; however, expertise needed to test this hypothesis is not currently available to us.
In an attempt to validate our results, we examined genomic data from the National Cancer Institute portal databases [TCGA-OV MuTect2 (443 samples)]. Information on time until progression was absent for disease-free interval; hence, all we could compare was the overall survival time between those who had or did not have the mutation detected by this study. In this analysis, no significant association was found between our SNVs and overall survival. This finding may not be surprising, considering that not all studies showing improved DFI translated into better overall survival in patients with ovarian cancer. Most patients with ovarian cancer will initially respond well to treatment, but about more than three quarters of these patients will develop recurrent disease that cannot be cured [15] . Therefore, DFI continues to be an important end point study designed to improve DFI, which can positively affect patients' quality of life, help understand toxicity profiles of different drugs, and evaluate the cost of healthcare of such patients.
It is interesting that the frequency of the SNVs that we examined was higher in our population than what was reported in publically available genomic data. We therefore examined multiple genomic databases and found that the prevalence of these SNVs was variable depending on the database by about 10% (rs2302811 was observed in 35.67% of patients included ExAC and in only 25.9% in TOPMED). This variability between Kaplan-Meier curve for the association of (a) rs79419059 in Nup107 with response to platinum-based chemotherapy in patients with ovarian cancer (variant predicted worse progression-free survival), (b) rs2302811 in Nup188 with response to platinum-based chemotherapy in patients with ovarian cancer (variant predicted better progression-free survival) and (c) rs77246077 in Nup214 with response to platinum-based chemotherapy in patients with ovarian cancer (variant predicted better progression-free survival). PFS, progression-free survival.
databases still falls short of completely explaining the high frequency of SNVs of interest in our population. The only explanation that we can offer, after we ensured that the analysis was carried out accurately, is that we have recruited patients from a very homogeneous population in rural Illinois with shared heritage that may have a higher frequency of these SNVs.
This study has multiple limitations; first, the small number of patients included may have affected the validity of our findings. Power calculations for pilot studies using agnostic investigation of the genome are not usually possible. In addition, any clinical application of our findings will have to be subjected to multiple validation studies using larger cohorts of patients. Second, our results would have been highly substantiated by providing a biochemical explanation of how rs79419059 is affecting the function of Nup107. As we have discussed above, the expertise needed to elucidate the mechanism of action of rs79419059 is not available to us at the time of writing of this paper. Finally, applying Bonferroni correction to our results would make our P values insignificant. A larger sample size is thus needed in future validation studies to prove the value of rs79419059 in predicting response to platinum-based chemotherapy in ovarian cancer patients.
Conclusion
We identified a variant in NUP 107 unique to sensitivity to platinum in ovarian cancer. With validation of this variant, it is possible that a new marker predictive of patient response may be identified. At our institution, we continue to collect saliva samples on ovarian cancer patients in an attempt to replicate these results in a larger cohort of patients for validation purposes with the goal of devising a genetic score that could serve as a tool to help select patients who would benefit most from treatment and spare chemotherapy-resistant patients the toxicities of a futile treatment.
